When excited with rotating linear polarized light, differently oriented fluorescent dyes emit periodic signals peaking at different times. We show that measurement of the average orientation of fluorescent dyes attached to rigid sample structures mapped to regularly defined (50 nm) 2 image nanoareas can, in combination with application of the sPeed (sparsity penalty-enhanced estimation by demodulation) deconvolution algorithm, provide subdiffraction resolution (super resolution by polarization demodulation, sPod). Because the polarization angle range for effective excitation of an oriented molecule is rather broad and unspecific, we narrowed this range by simultaneous irradiation with a second, de-excitation, beam possessing a polarization perpendicular to the excitation beam (excitation polarization angle narrowing, exPAn). this shortened the periodic emission flashes, allowing better discrimination between molecules or nanoareas. our method requires neither the generation of nanometric interference structures nor the use of switchable or blinking fluorescent probes. We applied the method to standard wide-field microscopy with camera detection and to two-photon scanning microscopy, imaging the fine structural details of neuronal spines.
When excited with rotating linear polarized light, differently oriented fluorescent dyes emit periodic signals peaking at different times. We show that measurement of the average orientation of fluorescent dyes attached to rigid sample structures mapped to regularly defined (50 nm) 2 image nanoareas can, in combination with application of the sPeed (sparsity penalty-enhanced estimation by demodulation) deconvolution algorithm, provide subdiffraction resolution (super resolution by polarization demodulation, sPod). Because the polarization angle range for effective excitation of an oriented molecule is rather broad and unspecific, we narrowed this range by simultaneous irradiation with a second, de-excitation, beam possessing a polarization perpendicular to the excitation beam (excitation polarization angle narrowing, exPAn). this shortened the periodic emission flashes, allowing better discrimination between molecules or nanoareas. our method requires neither the generation of nanometric interference structures nor the use of switchable or blinking fluorescent probes. We applied the method to standard wide-field microscopy with camera detection and to two-photon scanning microscopy, imaging the fine structural details of neuronal spines.
In recent years the development of super-resolution techniques has had a profound impact on biology and other fields in which subdiffraction-limited resolution of fluorescently labeled samples is desired [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Prominent examples are stimulated emission depletion (STED) microscopy 1, 4 , photoactivated localization microscopy (PALM) 3, 5, 6 and stochastic optical reconstruction microscopy (STORM) 2, 7 . Generally, these techniques are based on reversible switching between two states. Whereas STED is based on a deterministic switching in a nanometric interference pattern, STORM and PALM are based on wide-field illumination and stochastic switching on the level of single isolated molecules, which are then localized. Other approaches, such as super-resolution optical fluctuation imaging (SOFI) 8 , reversible saturable optical fluorescence transitions (RESOLFT) microscopy 9, 11 structured illumination microscopy (SSIM) 12, 13 , are also based on stochastic or deterministic switching between two states and provide spatial resolution enhancement.
Here we present an alternative approach that distinguishes adjacent molecules or nanoareas in the sample (arranged, for example, in a grid of 50 nm × 50 nm rectangular areas) by different average orientations of fluorescent dyes attached to rigid sample structures within these nanoareas. This is done by rotating the polarization of a wide-field excitation beam and detecting the periodic signals emitted with different phases from different nanoareas using wide-field camera detection (SPoD), followed by reconstruction with a deconvolution algorithm, SPEED. We also show that the range of polarization angles that results in effective excitation of differently oriented molecules can be substantially narrowed by rotating a second wide-field de-exciting stimulated emission beam of a polarization perpendicular to the excitation beam polarization (ExPAN), resulting in better spatial resolution of overlapping fluorescent molecules. All images generated with SPoD and ExPAN in this paper include reconstruction with the SPEED algorithm.
Whereas SOFI or other blinking-based methods must rely on random fluorescence fluctuations occurring at the timescale of the camera frame rate, SPoD controls the fluorescence modulation frequency of standard dyes so that it ideally matches the camera frame rate. In addition, the periodic recurrence of the signals allows the signal-to-noise ratio to be improved by averaging several periods and thereby enhancing the ability to distinguish nanoareas in a manner similar to lock-in detection 14, 15 . Unlike techniques based on single-molecule detection, in which it is essential to detect only very isolated photoswitchable single molecules, SPoD also allows bundled signals of several standard fluorescent molecules with different modulation phases to be distinguished in adjacent nanoareas. This avoids large numbers of complete on-off cycles or high intensities and is less dependent on using samples labeled at specific densities. It also avoids using optical setups with very small detection volumes and low background signals, such as total-internal-reflection fluorescence (TIRF) microscopes.
Because of the background-reducing effect of lock-in approaches, the method can be employed at deeper penetration depths than are typically possible with super-resolution techniques. The approach works for all standard fluorescent samples in which fluorescent dyes attached to stable (biological) structures have different average orientations.
results
Because linear polarized light preferably excites molecules having a transition dipole moment orientation parallel to its polarization (Fig. 1a) , rotating the polarization results in oscillating fluorescence signals generated by the molecules 16, 17 (Fig. 1b) . As molecules attached to different places at particular structures have different random average orientations (Fig. 1c) , the maximum contribution of each to the fluorescence image occurs at different times or with different phases (Fig. 1d) . Thus, even if structural details are hidden in standard fluorescence images owing to diffraction-limited spatial overlapping, recording the periodical signals from the different emitters yields additional information that allows differentiating them and tracing back their original positions. A more distinct periodic signal is obtainable by narrowing the orientation angle range of molecules excited by linear polarized light. This can be achieved by irradiation of the sample with a second wide-field de-exciting stimulated emission beam that also rotates but has a linear polarization that is always exactly perpendicular to the polarization of the exciting light (ExPAN). The de-exciting beam prevents emission from all molecules except those with transition dipole moments oriented perpendicular to the second beam (Fig. 1b) ; in other words, only those molecules with transition dipole moments exactly parallel to the polarization of the exciting beam can fully emit fluorescence. Consequently, during rotation of both beams, the molecules flash quickly and periodically after each other only at times when the polarization of the excitation exactly matches their transition dipole moment (Fig. 1b,d) . The approach is technically simple because it does not require the generation of nanometric structures of light in the focal area and can be applied in the wide field.
High-resolution structure information can also be gained from the modulation signals at higher label densities when individual molecules cannot be distinguished within a diffraction-limited area by different phases (Fig. 1e-h) . At higher label densities, bundled signals from several fluorescent molecules-for example, in a nanoarea of 50 nm × 50 nm corresponding to the detection pixel size (Fig. 1e,f) -are distinguished by their different periodic sum signals and phases (Fig. 1g) . For example, the average orientations of several molecules in separate nanoareas can be deduced from a simple vector addition (Fig. 1e) . Without ExPAN, the signals emitted from such nanoareas (Fig. 1g) are similar to the signals of single molecules, which are cosine-squared (cos 2 ) functions of the time-dependent rotation angle, α(t) (Fig. 1d) . Intensity (a.u.) 
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They are also angle-and, thus, time-dependent cos 2 functions that are maximal when the excitation polarization matches the average orientation ( Fig. 1e) in that nanoarea. The main difference is that the fluorescence signal modulates around a higher average intensity that is proportional to the number of molecules, N mol , per nanoarea. In addition, the modulation amplitude is, in first approximation, inversely proportional to √N mol in such a nanoarea because for increasing molecule numbers, the modulation signals from individual emitters are increasingly averaged. In the raw image these signals are blurred over several pixels by the point spread function (PSF) (Fig. 1g,h ), but analysis of the modulation amplitudes, phases and average intensities detected in each pixel can be used to reconstruct the original density of molecules in each nanoarea (Fig. 1f,g ). In order to differentiate neighboring nanoareas in the presence of background noise, a sufficiently large modulation signal can be achieved either by averaging the modulation over several periods (similarly to lock-in detection, which is also based on the periodic recurrence of signals in the presence of a large background 14, 15 ) or by using ExPAN.
Validation using single molecules and labeled nanospheres
To demonstrate the ExPAN effect experimentally, we first detected signals from single molecules on a coverslip with and without ExPAN (Fig. 2a,b) . Application of ExPAN notably reduced the duration for which the molecules emitted fluorescence. The intensity of the stimulated emission beam was ~1.7 MW/cm 2 for all ExPAN experiments shown here 18 . In principle, the duration for which a single molecule fluoresces can be reduced as desired by changing the power of the stimulated emission beam (see Online Methods), but the intensities described above usually sufficed because the demodulation approach does not require a complete on-and-off behavior of the signals from individual emitters. Next we investigated molecule pairs separated by subdiffraction distances but with differing orientation differences (Fig. 2c,d and Supplementary Fig. 1 ). When the molecule orientations differed by a ∆α of ~70°, application of SPoD demodulation image analysis (Supplementary Note 1) clearly showed the positions of both molecules with high resolution even though there was notable spatial overlap between the signals as well as small oscillation amplitudes. When the orientation of both molecules was very similar (∆α ≈ 20°), ExPAN could still resolve the molecules.
To test the performance of SPoD with ExPAN when imaging molecules at higher densities, we imaged three surface-labeled nanospheres stuck on a coverslip for which the high-resolution structure was known. We could distinguish distinct modulation signals from selected pixel areas that were caused by the different molecule orientations in the selected areas (Fig. 2e,f) . Use of SPoD with ExPAN to measure signals from a raster of individual 50 nm × 50 nm nanoareas corresponding to the detection pixel size allowed us to generate a super-resolution image (Fig. 2g) that shows details, such as the gap between the three spheres, that can be resolved neither in a diffraction-limited fluorescence image nor in its deconvolution image (Supplementary Fig. 2b ). The image is highly similar to a simulation of a high-resolution 
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image of surface-labeled nanospheres (Fig. 2h) that was obtained by projecting many labels at a sphere surface onto the image plane. Because out-of-focus background and signals from nonfocused molecules above or below the focal plane overlap notably, their contribution to the modulation amplitude decreases quickly owing to averaging, resulting in improved background reduction and z sectioning. We also note that there are no dyes at the bottom of the spheres because they were labeled after they were attached to the coverslip. For both these reasons, the experimental data (Fig. 2g) appear darker in the middle of the spheres than the simulated z projection of entire spheres.
Using the width of Gaussian fits to the smallest peaks in profile plots across the bead images as a basis, we estimated that the resolution of the densely labeled spheres achieved using ExPAN (~40-nm full-width at half-maximum (FWHM)) was about six times better than the resolution of the diffraction-limited image (Fig. 2e-g ). We also estimated the resolution achieved by SPoD with or without ExPAN, using a theoretical first-order approximation (Supplementary Note 2) . With typical parameters and densities of fluorescent markers, the theoretical expectation is that data acquisition times of less than 1 s suffice to achieve a resolution on the order of the pixel size (q = 48 nm), which corresponds well to our experimental observations. The PSF of the method has dimensions in the x,y direction corresponding to this resolution and in the z dimension approximately that of the wide-field microscope, albeit reduced similarly to in SOFI (~1 µm). If single molecules can be separated by their phase (with or without ExPAN; Fig. 2a-d) , the resolution becomes identical to the localization precision achievable by PALM and STORM (~16 nm).
images from biological structures
In biological or other samples, the orientation of fluorescent markers may fluctuate on timescales that are comparable to or faster than the frame rate in video microscopy. However, as already demonstrated by the examples of the fluorescent markers attached to the nanosphere surfaces (Fig. 2e,f) and exposed to an aqueous environment, often the average orientation persists longer when the markers are attached to more rigid structures. Consequently, it should be possible to modulate probes attached to rigid biological structures such as the cytoskeleton by using our polarization approach 19, 20 .
To explore the use of SPoD to image biological samples, we first compared conventional wide-field (Fig. 3a) and SPoD wide-field (Fig. 3b) imaging of Alexa 488-immunolabeled microtubule fibers in fixed PtK2 cells. The SPoD images clearly show details such as closely spaced fibers that are distinguishable neither in the diffraction-limited image nor in an image derived by deconvolution (Supplementary Fig. 2e) . We estimated the resolution at ~40-50 nm on the basis of the FWHM of profile plot peaks. Another sample immunolabeled with Atto 590 displayed much higher fiber density and strong out-of-focus background in the conventional wide-field image (Fig. 3c) , but use of SPoD-and, additionally, ExPAN-still allowed us to resolve individual fibers.
For typical dye parameters and concentrations (more than five molecules per nanoarea, as derived from the total fluorescence intensity), equation (11) in Supplementary Note 2 predicts variations in the resolution at different places of the sample smaller than ~10-20%. Indeed, a comparison of our microtubule images with images obtained by other super-resolution techniques 2, 21 demonstrates that this resolution variation is similar to that observed with STED or PALM, which are also subject to local sample variations in fluorescence lifetimes or label densities. Nevertheless, it is always advantageous to choose an image pixel size that is similar to or somewhat larger than the worst local resolution in the entire image, thereby ensuring a homogeneous resolution throughout the image. Closer inspection of the phase 
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information contained in the modulated images suggests that the orientations of the labels reflect a more or less regular, helical structure around the microtubules.
Next we explored the use of SPoD to image membrane-labeled neurons in brain-slice cultures. We used biolistic transfection of organotypic hippocampal slice cultures to label the membrane of dendritic stretches of pyramidal neurons with a farnesylated form of enhanced GFP (fEGFP). We again compared conventional wide-field imaging (Fig. 4a) and wide-field SPoD imaging (Fig. 4b) of the membrane structure of single spine heads (the postsynaptic side of excitatory synapses in the hippocampus). Although individual spines were clearly resolved in both cases, only SPoD could resolve the membrane structure of single spine heads. A data acquisition time of 330 ms yielded very similar results to an acquisition time of 3.3 s, just being slightly noisier (Fig. 4) .
To assess the quality of the image data, we analyzed the diameters of 16 spine necks (Fig. 4b) . This yielded a median value of 100 nm and a total range of spine neck diameters from 60 to 370 nm. An analysis of the spine-head diameters of the same spines yielded a median value of 380 nm and a range of spine-head diameters from 70 (this value is actually the thickest diameter of the smallest dendritic filopodium) to 710 nm. These values are in good agreement with the dimensions known from serialsection electron microscopy and other super-resolution images in the literature [22] [23] [24] [25] [26] .
It is known from serial-section electron microscopy images 25 that larger spine heads can contain membrane-rich organelles such as the spine apparatus in the spine-head center. Intriguingly, we observed similar structures in the center of some spine heads (Fig. 4b) that were not visible through deconvolution of conventional wide-field images (Supplementary Fig. 2h ). Sometimes this spine apparatus structure was already apparent in the raw modulation data in the form of phases that were clearly different from phases of the surrounding membrane parts.
The distinctive 'edges' of the membranes in the SPoD spine images might seem surprising in the absence of subdiffraction optical sectioning, but other high-resolution membrane-labeling studies confirm this appearance 26 . This is similar to the edges in the images of the well-defined surface-labeled nanospheres (Fig. 2g) for which the expected high-resolution image appearance was exactly confirmed (Fig. 2h) . All membrane parts that appear with diffraction-limited resolution in the standard wide-field image (Fig. 4a) also appear with high x and y resolution in the SPoD images as maximum-intensity projections of the z range of the microscope (including all spines that fall into that range). Because the label density is highest along the edges in such a projection, they appear most prominently in both diffraction-limited and high-resolution images, but this effect is especially noticeable in high-resolution images.
Finally, we briefly tested whether the SPoD method could be combined with two-photon laser scanning microscopy to improve the penetration depth. We used a special objective for deep-tissue two-photon microscopy of fEGFP-labeled neurons in fixed brain slices and observed spine heads at ~0.4-and ~0.6-mm depths (Supplementary Fig. 3 ).
discussion
We have demonstrated that SPoD allows the observation of highresolution images of standard samples on short timescales. Special sample preparations are not mandatory, and different standard labels and excitation sources work equally well. Wide-field imaging is possible without the need to generate interference structures, and the background-reducing effect of the demodulation techniques permit deeper penetration depths than do TIRF-based approaches. The use of two-photon excitation allows even greater penetration depths. The method requires dyes to be attached to stable structures possessing different preferred average orientations, but this condition was easily satisfied as experimentally confirmed by data from labeled cytoskeleton structures, labeled membranes and labeled surfaces of nanospheres or coverslips. This can be rationalized by the extremely small probability that all fluorophores have the same orientation in diffraction-limited zones of labeled samples. The approach is limited by the ability to detect fluorescence modulation, which might be weak for high Articles fluorophore densities or highly dynamic structures. However, in case of high fluorophore densities, ExPAN can help increase the modulation contrast or, similarly to in lock-in detection, the modulation can be continued until it can be clearly detected above the noise. A notable advantage of the approach over pure stochastic methods is that the modulation frequency can exactly be controlled so that it optimally fits to the camera frame rate. Even though heterogeneities are to be expected in the ability to distinguish different label orientations (see, for example, the image simulation in Supplementary Fig. 1) , the experimental examples presented here (Figs. 2-4) show that the observed high-resolution images are at least as homogeneous as those of other high-resolution techniques 2, 21, 26 . In the future, the approach could be extended to three-dimensional demodulation including the z axis of the molecular orientation. This would further increase the spatial and/or time resolution and reduce the PSF in the z direction. The method could also be extended to the analysis of orientational fluctuations as an additional parameter for resolution improvement similarly to the way SOFI uses single-molecule fluorescence fluctuations for resolution enhancement. Finally, ExPAN could also be used to accurately determine the orientation of fluorescent markers attached to structures and measure changes caused by biological or other processes.
methods
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
online methods Test of demodulation with simulated data of single-molecule pairs and membrane-like structures. Before we demodulated the signals of biological samples and single molecules, we tested the demodulation algorithm (see Supplementary Note 1) using simulated data. In a first test we investigated the results obtained with this algorithm using simulations of single molecules that have different distances and different relative orientations and thus phases (Supplementary Fig. 1 ). The simulated data considered background noise, photon shot noise and statistical dark-state blinking of the molecules and are based on parameters similar to those of the experimental data shown in Figure 2 (see "Generation of simulated data" below). The algorithm can localize the position of the molecules at distances that are far smaller than would be possible on the basis of diffraction-limited images or deconvolution (Supplementary Fig. 1 ). Only for small phase differences (∆α ≤ 30°) and the smallest distances is the algorithm capable of merely deconvoluting the image instead of full resolution. We also simulated modulation data from statistically positioned and oriented dyes in sectional views of membranes of more complicated shapes (Supplementary Fig. 4 ). Analyzing these data in the same way as the experimental data shown in Figures 2-4 was suitable for determining the original structure of the labeled membrane (Supplementary Fig. 4b) . Even a single period (10 frames of 33 ms) was sufficient to obtain this result. Also, analyzing a simulation of notably higher dye concentrations, resulting in much smaller modulation, was still suitable for determining the original structure (Supplementary Fig. 4c ).
Mathematical model describing modulated signals using ExPAN. The fluorescence emission of a two-state system with a ground state S 0 and an excited state S 1 and taking stimulated emission into account can be described by the rate constant for excitation k exc , the fluorescence decay rate k fl and the rate constant for stimulated emission k SE . Assuming equilibrium conditions, the population of the excited state, S 1 , is N 1 = k exc /(k exc + k fl + k SE ). If excitation and stimulated emission beams are linearly polarized, k exc and k SE are functions of the angle α between the transition dipole moment and polarization orientation:
In the case of ExPAN, the beams have perpendicular polarizations and for N 1 results: Figure 2 were described previously. One of the most prominent ways to deconvolve an image is by maximum-likelihood methods, i.e., by computing the density ˆ( ) g r of molecules at location r that has the highest probability of having (1) (1) (2) (2) (3) (3) generated the observed images. This can be achieved by the Richardson-Lucy (also known as expectation maximization, EM) algorithm [27] [28] [29] or related algorithms 30 . It is well known, however, that this works well only when the number of parameters to be estimated is much smaller than the number of observations (image pixels) or when the algorithm is stopped at an early iteration stage 31, 32 .
Generation of simulated data. The simulated data were generated with Matlab using a point spread function with Gaussian intensity profile and a FWHM of 5 pixels. The simulated image was in total 512 × 512 pixels. The polarization-dependent intensity modulation was modeled by I(α) ∝ cos 2 (α) or in the case of ExPAN as described by equation (3) (I(α) ∝ N 1 ) with a sampling rate of ten frames per modulation period. Poisson noise was applied to the signal on every pixel, and normally distributed background noise was added. For simulation of dark states, there was a 1% per frame probability for every molecule to switch between the emitting and non-emitting state. In Supplementary Figure 4 , molecule positions and dipole-moment orientations were randomly generated, although molecule positions were restricted to the shown mask.day 5 (P5) C57BL/6 wild-type (WT) mice (sex undetermined) following the method of Stoppini et al. 34 . Briefly, the hippocampus was dissected in ice-cold sterile Gey's balanced salt solution and sliced transversely at a thickness of 400 µm. The slices were plated onto Millicell CM membrane inserts (Millipore) and cultivated in a 37 °C, 5% CO 2 , 99% humidity incubator in a DMEM medium containing glucose, donor equine serum and l-glutamine. To reduce the number of non-neuronal cells, we treated the slices for 24 h with a mixture of antimitotic drugs. After 14 d, in vitro hippocampal slice cultures were transfected with an expression plasmid for a membrane-targeted fEGFP (farnesylated EGFP) by particlemediated gene transfer device Helios Gene Gun System (Bio-Rad). Two days after transfection, the slices were fixed overnight with 4% PFA and mounted with an antifading water-based mounting medium. For the deep-tissue two-photon experiments, transgenic mice expressing membrane-targeted fEGFP in small subsets of neurons (Thy1-mGFP) were transcardially perfused with 40 mL of 4% PFA in 0.12 M PB (phosphate buffer), pH 7.2-7.4. The brains were dissected immediately, cut into 500-to 1,000-µm-thick coronal sections with a vibratome (Leica) and stored in the same fixative at 4 °C and imaged within a few hours. All experiments were conducted in accordance with the applicable European and National regulations (Tierschutzgesetz).
One-photon excitation (OPE) setup with 488 nm. Two different wide-field microscope setups were used to perform the measurements. In setup 1, a 488-nm continuous-wave (CW) laser (sapphire 488-50, Coherent) is used for excitation, whose linear polarized beam is expanded through a telescope system. The beam is passing a rotating λ/2-wave plate (achromatic λ/2 plate, 400-800 nm, Thorlabs) in order to constantly rotate the polarization plane of the linear polarized light. The rotation is achieved through a chopper wheel (Optical Chopper System, Thorlabs) that is synchronized to the electron-multiplying charge-coupled device (EMCCD) camera (see below). Thereafter, the beam is focused onto the back aperture of the microscope objective (NA = 1.35 oil immersion, UPlanSApo, 60×, Olympus), which is mounted in an inverted microscope body (IX 71, Olympus). Emission light is passed through a dichroic mirror (beam splitter z 488 RDC, AHF) and an emission filter (ET band pass 525/50, AHF). An additional lenses system is used to further magnify the image and focus it on an EMCCD camera (iXonEM+897 back illuminated, Andor Technology).
SPoD with ExPAN setup. ExPAN measurements were carried out on a second setup with a similar configuration but using a 568-nm CW laser (Sapphire 568, Coherent) for excitation. The excitation light is here combined with a 715-nm beam from a Ti:sapphire laser in CW mode (Mira 900, Coherent) through a dichroic mirror. The stimulated emission beam and excitation beam have perpendicular polarizations. In comparison to setup 1, two λ/4-wave plates (Achromatic λ/4 plate, 400-700 nm, Newport) are used to rotate polarization instead of one λ/2, and a different objective (NA = 1.3, Fluar, 100×, Zeiss) was used. Furthermore, a motorized stage (Scan IM, Märzhäuser) in the x,y direction and a piezo stage (Custom Nano-Z200, Mad City Labs) in the z direction was used to position the samples. During acquisition of a video frame, overlapping spots of ~10-µm diameter of the excitation and de-excitation light were scanned several times over the entire field of view using a 16 kHz resonant scanner (Electro-Optical Products Corp.).
Deep-imaging with two-photon excitation (TPE).
For TPE experiments of deep-tissue imaging, linear polarized light from a pulsed laser (918 nm, 80 MHz, Chameleon, Coherent) was used. After beam expansion by a telescope system, the linear polarized beam passes a rotating λ/2 plate (achromatic λ/2 plate, 680-1,200 nm, Thorlabs) whose rotation is achieved the same way as described for the OPE path of the 488-nm setup. The collimated linear polarized light continues through a fourth telescope system and is coupled into the microscope using a dichroic mirror and a piezo mirror (S-334.1SL, Physik Instrumente). The excitation light fully illuminates the back aperture of the deep-imaging objective (NA = 1.05 water immersion, XLPLN 25XWMP, 25×, Olympus), and the emission light passes the dichroic mirror (multiphoton emitter HC 770/SP, AHF) and the emission filter (ET band pass 525/50, AHF). An additional filter is used to purify the emission light from reflected excitation light before being focused onto the EMCCD camera. For image acquisition with TPE, the piezo mirror is used to scan the sample. During rotation of the polarization, the camera was operated with a frame frequency of 30 Hz and triggered the start of the piezo mirror movement that covered a rectangular area of the sample for each camera frame. Because the piezo can be operated at frequencies up to 300 Hz, this allowed us to cover a rectangular range of 3 × 3 diffraction-limited excitation spots.
Software. Image data were recorded using either Solis image capture software (Andor) or µManager microscopy software 35 . Algorithms for image processing were implemented in Python 2.7. The algorithm, exemplary raw data and necessary parameters are available in a single ZIP file (Supplementary Software). All microscopy images were visualized using the "Red Hot" lookup table from ImageJ. 
